Introduction
Multiple sclerosis (MS) is an inflammatory, demyelinating disorder of the CNS with varied clinical presentations that range from clearly defined relapses and remissions (RRMS) to slow accumulation of disability with or without punctuated exacerbation (progressive MS) (1) (2) (3) . Progressive MS may be either primary in its presentation (PPMS) or secondary (SPMS) after a period of RRMS. Although the etiology of this diverse group of disorders is unknown, MS is thought to be immune-mediated, as indicated by its characteristic pathology (2) and the presence of autoreactive T cell responses against myelin-related antigens (4) (5) (6) (7) . Several immunomodulatory strategies are thus being actively pursued for therapeutic intervention in MS.
Glatiramer acetate (GA; Copaxone, registered trademark of Teva Pharmaceutical Industries Ltd.) is a random copolymer of glutamic acid, lysine, alanine, and tyrosine that emerged almost 30 years ago through experiments in an animal model of MS, experimental autoimmune encephalomyelitis (EAE). The peptide copolymer was initially synthesized to mimic the encephalitogenic components of myelin basic protein (MBP). However, it was found that GA inhibited EAE in rodents and primates (8) (9) (10) (11) . More importantly, in clinical trials (12) (13) (14) (15) , GA also reduced the rate of exacerbation and decreased the number of new lesions in patients with RRMS.
The mechanism by which GA exerts its immunomodulatory effect on human disease is presently unclear. Several mechanisms, including HLA blockade, T cell receptor antagonism, tolerance induction, and immune deviation, have been proposed and tested, predominantly in EAE (reviewed in refs. 16, 17) . Studies in EAE suggest that GA induces a potent Th2-type CD4 + T cell response, which may cause bystander suppression of the Th1-type pathogenic response (18) (19) (20) . More recent human studies have also shown a Th0/Th2 bias in GAinduced T cell responses in MS patients treated with the drug (21) (22) (23) (24) (25) (26) (27) . Antigenic specificity (28, 29) and crossreactivity with MBP (25) have also been suggested. Thus, it is currently proposed that GA induces an immune deviation in CD4 + T cells toward the Th2 phenotype resulting in bystander suppression of myelin-reactive Th1 responses. Previous reports have shown binding of GA to several MHC class II molecules (HLA-DR, in particular) (30) (31) (32) . Based on these observations and studies using CD8-depleted PBMCs (23) , it has been presumed that responses to GA are restricted to the CD4 + T cells. Thus, reports addressing the mechanism of GA immunotherapy have focused predominantly on the CD4 + T cell subset.
However, all previous studies have used either conventional in vitro proliferation assays, ELISPOT assays, or long-term T cell lines and clones for mechanistic evaluation of GA. Direct immunophenotypic characterization of GA-induced responses is lacking. In fact, one recent report used fractionated populations of CD8 + T cells in ELISPOT assays and showed GA-induced production of IFN-γ in one MS patient (26) . Such studies emphasize the importance of immunophenotypic evaluation of the responding cells to address the mechanism of the drug's immunomodulatory effect.
The present study was conducted in order to characterize the phenotype and functional profile of GAresponsive T cells from MS patients by using flow cytometric proliferation assays and molecular characterization of flow-sorted T cell subsets.
Methods
Patients and healthy subjects. Healthy volunteers and patients with MS were recruited at the University of Texas Southwestern Medical Center. For experiments demonstrated in Figure 1 , we recruited 9 healthy subjects (5 female, 4 male; age range 22-38 years) and 23 patients with MS, including 12 patients with RRMS, 6 with PPMS, and 5 with SPMS (18 female, 5 male; age range 28-47 years). At this time, none of these patients had ever been treated with IFN or GA. A few patients had received steroid therapy, but no treatment was received for at least 3 months preceding the day of pheresis; none were suffering from acute relapses. Five of these patients (Table 1) were subsequently put on open-label GA therapy and were studied longitudinally.
PBMCs. Leukapheresis was performed as approved by the University of Texas Southwestern Institutional Review Board. PBMCs, obtained by Ficoll separation, were frozen on the day of collection, as described (7) . For longitudinal studies, leukapheresis was performed every 4 months. Experiments involving longitudinal analysis on a single MS patient were performed on cells thawed and cultured simultaneously.
CFSE-based proliferation assays. This methodology detects dividing cells by using the green fluorescent dye 5-(and 6-) carboxyfluorescien diacetate succinimidyl ester (CFSE) (33) . The cells are first stained with CFSE and then cultured in the presence of different antigens. Dividing cells are then detected by sequential halving of their fluorescence and can be immunophenotyped with cell surface markers.
Thus, PBMCs were first suspended at 1 × 10 6 per milliliter in PBS and incubated at 37°C for 7 minutes with 0.25 µM CFSE. Following addition of serum and two PBS washes, cells were suspended at 2 × 10 6 per milliliter in human media (RPMI 1640 supplemented with glutamine, 5% human AB serum, penicillin, and streptomycin). Duplicate 1-ml cultures were set up for each condition. On day 7, cells were washed with FACS buffer (PBS with 1% BSA and 0.1% Na-azide) and stained with phycoerythrin-conjugated (PE-conjugated) anti-CD8, peridinin chlorophyll protein-anti-CD3 (PerCP-anti-CD3), and allophycocyanin-anti-CD4 (APC-anti-CD4). Duplicates were stained with PE-anti-CD4, PerCP-anti-CD3, and APC-anti-CD8 for confirmation (all antibodies from BD Biosciences, San Diego, California, USA). Cells were washed and fixed in 1% paraformaldehyde (BD Biosciences). Flow cytometric data (100,000 non-gated events) were acquired on a BD FACSCalibur four-color flow cytometer using BD CellQuest software. For analysis, BD Paint-A-Gate was used to gate on CD3 + T cells and further on the CD4 + /CD8 -or CD8 + /CD4 -populations. The mean background proliferation was calculated based on the proliferating fractions in media alone. The mean change in proliferating fraction (∆PF) was calculated by subtracting the mean background proliferation from the mean proliferating fraction in response to antigen.
Antigens. The antigens included GA (Copaxone; 30 µg/ml; provided by Teva Neuroscience Inc., Kansas City, Missouri, USA), bovine MBP (20 µg/ml; SigmaAldrich Chemical Co., St. Louis, Missouri, USA), and tetanus toxoid (TT; 20 µg/ml; Accurate Chemical & Scientific Corp., Westbury, New York, USA). Initial experiments revealed a dose-dependent response to GA with an optimal concentration of 30 µg/ml (data not shown), which was used in all experiments. In addition, kinetic experiments revealed that GA-specific responses could be reliably and reproducibly detected after 5-7 days of proliferation. For MBP-specific responses, at least 6-7 days of culture was essential (data not shown). Hence, for standardization and comparison, all further experiments were conducted on day 7 of culture.
HLA blockade. Purified anti-HLA class I (HLA-A, -B, and -C) and anti-class II (HLA-DP, -DQ, and -DR) antibodies and their appropriate control antibodies (IgG1 and IgG2a) were purchased from BD Biosciences. The antibodies were dialyzed in PBS to remove the azide. CFSE-stained PBMCs were incubated in media with 10 µg/ml of the indicated antibodies at 37°C for 30 minutes before antigens were added. Intracellular cytokine staining. CFSE-stained PBMCs were cultured as described above. On day 7, cells were stimulated for 4 hours with a mixture of PMA (0.25 ng/ml) and ionomycin (1 µg/ml; Sigma-Aldrich Chemical Co.) with the Golgi inhibitor brefeldin A (10 µg/ml) added for the retention of intracellular cytokines (34) . Cells were then stained with a protocol modified from the one described previously (35) . Briefly, cells were first stained for surface markers using PerCP-and APCconjugated antibodies (CD4 and CD8), as described above. This was followed by permeabilization with FACSLyse solution (BD Biosciences), followed by staining for the indicated intracellular cytokines using PEconjugated antibodies.
CFSE-based flow sorting. CFSE-stained PBMCs were suspended at 2 × 10 6 per milliliter and cultured in 30 ml media in T75 flasks (BD Biosciences). On day 7, cells were stained with PE-, CyChrome-, and APC-conjugated antibodies and sorted by electronic gating into dividing and nondividing, CD4 + and CD8 + T cell populations using a BD FACStar or FACSVantage SE sorter. On populations with adequate yields (>200,000 cells), a "post-sort" run was performed revealing greater than 90% purity. Sorted cells were collected in 1.5-ml Sarstedt tubes, pelleted, and frozen at -80°C for subsequent molecular analyses.
RT-PCR assays. mRNA was obtained from sorted populations of cells using the Oligotex mRNA kit (QIA-GEN Inc., Valencia, California, USA) and was reversetranscribed to cDNA using the Ready-To-Go First Strand cDNA kit (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA). Qualitative PCR assays were performed on cDNA using the following primers (all 5′-3′; purchased from Life Technologies Inc., Gaithersburg, Maryland, USA):
β-actin: forward, CCTGGACTTCGAGCAAGAGA; reverse, ACTTGCGCTCAGGAGGAGCA IFN-γ: forward, TTTAATGCAGGTCATTCAGATGTA; reverse, CACTTGGATGAGTTCATGTATTGC IL-4: forward, AACTTTGTCCACGGACACAAGTGC; reverse, GAATCGGATCAGCTGCTTGTGCCT Statistical analyses. Unpaired (for cross-sectional studies) and paired (for longitudinal studies) t tests were used to compare the CD4 + and CD8 + T cell responses between different groups. P values of less than 0.05 were considered significant.
Results

Deficient CD8 + T cell responses to GA in patients with MS.
Previous reports have demonstrated GA-induced proliferative responses in both healthy individuals and patients with MS (23, 24) . In order to characterize the nature of these responses, we performed CFSE-based flow cytometric proliferation assays on 9 healthy control subjects and 23 untreated MS patients (12 RRMS, 6 PPMS, and 5 SPMS). Figure 1a demonstrates typical responses from one healthy individual and one patient with RRMS, in the presence (or absence) of 30 µg/ml of GA. The data represent gated CD3 + T cells, further gated for CD4 + /CD8 -or CD8 + /CD4 -T cells. There was a robust proliferative response to GA in both the healthy control and the MS patient. In the healthy individual, 47.52% of the CD4 + T cells were in the proliferating fraction, with a background of 1.68 (∆PF = 45.84%), while the ∆PF for CD8 + T cells was 29.43% (29.80% -0.37%). The RRMS patient showed a prominent CD4 + GA-specific response (∆PF = 35.97%) but a significantly lower CD8 + response (∆PF = 3.05%). Figure 1b demonstrates the mean ∆PF values for GA-induced CD4 + (left panel) and CD8 + (right panel) responses from 9 healthy individuals and 23 MS patients. There were no statistical differences in the GA-specific CD4 + responses between healthy controls and MS patients. In contrast, the CD8 + T cell responses from untreated patients with various types of MS were significantly lower compared with healthy controls (Figure 1b) .
Differential upregulation and restoration of GA-specific CD8 + T cell responses following GA therapy. To investigate whether GA therapy had an effect on T cell responses, we studied five MS patients who received open-label GA therapy daily for more than 6 months (Table 1) . PBMCs from these patients were collected by leukapheresis at 4-month intervals. All patients began daily GA injections approximately 1 month following their first pheresis. Figure 2 demonstrates the results from longitudinal CFSE-based assays conducted on these patients. Figure 2a shows the dynamics of GA-specific T cell responses from patient no. MS1 over 15 months of therapy. The GA-specific CD4 + T cell proliferative responses showed an initial increase in this patient followed by a gradual decline to values below pretreatment levels. In contrast, the CD8 + T cell responses showed a sustained increase over the course of GA therapy. Figure 2b shows the mean ∆PF values of CD4 + and CD8 + T cell responses from all five patients over an 11-month course. The overall pattern of CD4 + GA-specific responses was a transient increase at the 3-month time point, followed by a gradual decline. This pattern was seen in four of five patients (Table 2) . However, at the cohort level, none of these alterations reached statistical significance. In contrast, following GA therapy,
644
The Table 1 ). The pretreatment time point (0) and the 3-, 7-, and 11-month time points are shown. *Statistically significant increase of GA-specific CD8 + T cell responses, compared with those in the pretreatment specimens (P < 0.05).
GA-specific CD8 + T cell responses significantly increased ( Figure 2 and Table 2 ) to levels observed in healthy individuals (Figure 1 ). Such variations in GAspecific CD4 + or CD8 + T cell responses were not observed in untreated MS patients (data not shown).
In addition to GA-specific responses, we also evaluated T cell responses to MBP and TT (Figure 2b ). Although mild variations were observed in individual patients, at the level of the patient cohort, the responses were stable over the course of treatment. In other patients that were treated with different immunosuppressive therapy, a global reduction was observed in GA-, MBP-, and TT-specific CD4 + and CD8 + T cell responses (data not shown).
HLA restriction of GA-specific responses. To test whether the CD4 + and CD8 + T cell responses to GA were restricted to classical HLA molecules, we performed CFSE-based proliferation assays in the presence of anti-HLA class I and anti-HLA class II antibodies (or appropriate controls). Blockade of HLA class I molecules resulted in prominent inhibition of the GA-specific CD8 + T cell responses (Figure 3) . In three of the five patients, class I blockade also inhibited CD4 + T cell responses, as represented in the means shown in Figure 3 , b and c. As expected, HLA class II blockade predominantly inhibited CD4 + T cell responses but also resulted in a significant inhibition of CD8 + T cell responses, most likely due to suppression of CD4 + T cell-mediated help. Taken together, these results demonstrate that both CD4 + and CD8 + GA-specific T cell responses are restricted to classical HLA molecules.
Kinetics of 3 H-thymidine-based proliferative assays during treatment course. Previous studies that have used 3 Hthymidine incorporation assays have shown characteristic kinetics of GA-specific proliferation during GA therapy. Following an initial enhancement around 2-3 months of treatment, most patients show a gradual decline in GA-induced 3 H-thymidine incorporation through the course of therapy (23) (24) (25) (26) . Since we observed a temporal enhancement of CD8 + T cell responses using the CFSE-based assays, we conducted parallel 3 H-thymidine incorporation on PBMCs from the same patients to test whether this increase in responses could be detected by the conventional assay. As shown in Figure 4 , the GA-treated MS patients showed kinetics very similar to that previously described in the literature. The same pattern was observed in 3 H-thymidine-based limiting dilution assays that were conducted over a 7-day time frame (data not shown). Thus, the kinetic curves from both of the 3 H-thymidine-based assays paralleled those of CD4 + T cell responses ( Figure 2 ) and were unable to sensitively detect the enhanced CD8 + response, which constituted a very small proportion of the overall bulk proliferative response.
Cytokine profiles of GA-specific responses.
Previous reports have demonstrated that treatment with GA induces immune deviation of GA-specific CD4 + T cells toward the Th2 phenotype in MS (21) (22) (23) (24) (25) (26) (27) . To characterize the cytokine profiles of GA-specific CD4 + and CD8 + T cells separately, we used two approaches. First, we performed intracellular cytokine staining for the flow cytometric detection of IFN-γ, TNF-α, and IL-4 in GA-specific CD4 + and CD8 + T cells. For this we used a novel assay combining CFSE-based proliferation and intracellular cytokine flow cytometry (Figures 5 and 6 ). On day 7 of a CFSE-stained culture, we restimulated the cells in the presence of brefeldin A, which is a Golgi inhibitor and causes retention of cytokine within the cytoplasm (34, 35) . The cells were stained first for surface markers (CD4 and CD8), and then permeabilized and stained for intracellular cytokines. Figure 5 demonstrates the dot plots from one patient. Figure 6 shows the results from four MS patients, plotted as the percentage of GA-responsive cells that produced the indicated cytokine. The GAspecific CD8 + T cells showed prominent production of IFN-γ and TNF-α. No IL-4 was detected in this subset. The pattern of cytokine production by GA-specific CD4 + T cells showed variability within the different patients. Some patients appeared to demonstrate a mild shift toward the Th0/Th2 phenotype, as suggested by previous reports (21) (22) (23) (24) (25) (26) (27) .
To further verify our observations and evaluate production of another Th2/Th3-type marker, we used a molecular approach. GA-reactive CD4 + and CD8 + T cells from 7-day cultures were flow-sorted, followed by qualitative RT-PCR analysis to detect transcripts for various cytokine genes ( Figure 7) . Overall, our findings correlated with the cytokine flow cytometry data. After GA treatment, there was an alteration in the cytokine profile of GA-specific CD4 + T cells. IL-4 message was detected in GA-specific CD4 + T cells in post-treatment specimens. GA-specific CD8 + T cells were positive for IFN-γ. Interestingly, TGF-β and TNF-α were detected in both CD4 + and CD8 + GA-specific T cells. Thus, GA-specific CD4 + and CD8 + T cells showed a mixed cytokine profile with some production of regulatory cytokines.
Discussion
GA is used as an immunomodulatory treatment in patients with MS. It is thought to deviate GA-specific CD4 + T cell responses toward the Th2 phenotype, thereby causing bystander suppression of the pathogenic myelin-specific Th1 responses (21) (22) (23) (24) (25) (26) (27) . However, direct immunophenotypic analysis of GA-induced responses has not been carried out thus far. In the present study, we characterized the immunophenotype of GA-induced T cell responses.
Using CFSE-based flow cytometric proliferation assays, we detected T cell responses to GA in both
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Figure 4
Kinetics of conventional 3 H-thymidine-based GA-specific proliferation during therapy. Conventional 3 H-thymidine-based proliferation assays were performed on longitudinal PBMC specimens obtained from MS patients on daily GA therapy. (a) The GA-specific doseresponse curves are from a representative patient (no. MS3) at the pretreatment time point and at 3, 7, and 11 months after the initiation of GA therapy, as indicated. The cpm ± SD are plotted on the y axis and the concentration of GA is plotted on the x axis (logarithmic scale). (b) The mean ∆ cpm (background subtracted) ± SEM from four GA-treated patients are shown at the time points indicated on the x axis (GA at 50 µg/ml).
Figure 5
Intracellular cytokine staining of GA-specific CD4 + and CD8 + T cells. PBMCs were obtained from patient no. MS3 before treatment and at 3 months after the initiation of GA therapy. The cells were stained with CFSE and cultured in the presence of GA. On day 7 of culture, the cells were restimulated for 4 hours with PMA and ionomycin in the presence of brefeldin A and then stained for surface CD4 and CD8 and intracellular cytokine (IFN-γ, TNF-α, or IL-4), as indicated. The data are gated for either CD4 + (left six panels) or CD8 + T cells (right six panels) and show CFSE staining on the x axis and cytokine staining on the y axis. The cutoff was based on staining with isotypic control antibodies. The population in black represents the cytokine-producing, GA-specific cells (i.e., cells within the proliferating fraction). The number indicates the percentage of the GA-specific (proliferating) cells that were positive for the indicated cytokines. As individual cytokine staining was performed in different tubes, it is not possible to assess whether the same or distinct subsets of cells produced the different cytokines.
healthy individuals and MS patients, as described in previous studies (23, 24) . However, we observed significant differences in the phenotypic subsets of T cells responding to this drug. Whereas the CD4 + GA-specific T cell responses were comparable in all groups, the CD8 + responses were significantly lower in untreated MS patients (Figure 1 ). To our knowledge, this is the first direct immunophenotypic evidence of a CD8 + proliferative response to GA. Following treatment with GA, the GA-induced CD4 + and CD8 + T cell responses displayed differential regulation. The overall pattern of CD4 + responses appeared to be a transient upregulation around the 3-month time point followed by a gradual decline ( Figure 2 ; Table 2 ). The CD8 + T cell responses, however, showed distinct upregulation after treatment and were significantly higher compared with baseline levels, more comparable to those seen in healthy individuals (Figures 1  and 2 ). Since CD4 + responses to GA show temporal downregulation, in contrast to upregulation of CD8 + responses, it is possible that the immunomodulatory effect of this drug may be mediated, at least in part, by the GA-induced CD8 + T cells.
Prior studies have used traditional 3 H-thymidinebased in vitro proliferation assays that measure antigeninduced incorporation of 3 H-thymidine in proliferating cell cultures. Using these assay procedures, we found a transient increase in GA-specific bulk proliferation followed by a decline during the treatment course (Figure 4 ), similar to previously reported observations (24, 25) . Thus, the temporal dynamics of 3 H-thymidine-based proliferation appears to predominantly mirror the CD4 + GA-specific T cell responses. Whereas dividing CD8 + T cells would undoubtedly incorporate 3 H-thymidine during DNA synthesis, it is important to note that the enhanced CD8 + T cell responses are not reflected in bulk proliferation. The CD8 + T cell population forms a minor component of the overall proliferating fraction due to the high CD4/CD8 ratio. This is especially true in patients with MS, who may show a skewed CD4 preponderance (36) . As an example, in Figure 2a 
Figure 6
Cytokine profiles of GA-specific CD4 + and CD8 + T cells. As described in Figure 5 , cytokine flow cytometry was conducted on GA-specific cells from the indicated patients. The data from gated CD4 + (left panels) and CD8 + (right panels) T cells are plotted as percent positive cells (+ SEM) on the y axis and represent the proportion of gated, GA-responsive cells that produced the indicated cytokine (duplicate cultures).
Figure 7
Functional profile of GA-specific CD4 + and CD8 + T cells. Nonquantitative RT-PCR analyses were performed on the indicated flow-sorted GA-specific CD4 + and CD8 + T cells for qualitative detection of IFN-γ, IL-4, TNF-α, and TGF-β. These assays were performed on PBMCs from three patients before treatment and at 3 months after the initiation of GA therapy. Patients no. MS1 and no. MS2 did not yield adequate GA-reactive CD8 + cells before treatment (no β-actin bands observed). The numbers indicate band density values normalized to β-actin. 21 .32%. However, this represents only 3.08% of the total live cells in culture, whereas the concurrent CD4 + response with a proliferating fraction of 42.43% represents 26.21% of the total live cells. Thus, the CD4 + T cell response contributes a far greater proportion of the bulk proliferation. To detect shifts in the CD8 + responses, it is essential to specifically analyze that population of T cells. Additionally, the CFSE-based proliferation assay measures cumulative proliferation over the entire culture period, whereas the 3 H-thymidine-based assay measures incorporation only over the last 12-18 hours of culture. These factors explain why a previous report using comparative bulk proliferation assays before and after depletion of CD8 + T cells from untreated MS patients did not detect significant differences, leading to the interpretation that there are no CD8 + responses to GA (23) . However, it is still possible that such a difference may be detected in fractionated cells from healthy individuals or treated MS patients who have a robust CD8 + T cell response. This emphasizes the need to specifically evaluate this subset of cells by using direct phenotypic assays or pre-sorted populations of cells.
Several investigators have reported that MS patients have defective suppressor function in their CD8 + T cell compartment (36) (37) (38) . A regulatory role for CD8 + T cells has been demonstrated in EAE (39) (40) (41) (42) . Upregulation of such suppressive ability has also been seen following combined therapy with etretinate and IFN-β1b (43) . From these studies, it is tempting to speculate that the diminished CD8 + T cell response to GA in untreated MS patients may be reflective of the global defect of regulatory cells in this subset. As a corollary, treatment with GA may function, in part, through the induction and restoration of this regulatory population of cells.
To investigate the functional profile of GA-induced T cell responses, we performed flow cytometric staining on GA-responsive cells as well as molecular evaluation of flow-sorted populations of GA-reactive CD4 + and CD8 + T cells (Figures 5-7 ). There were changes in the cytokine profiles of post-treatment GA-specific cells. IL-4 was detected predominantly in post-treatment CD4 + T cells. This finding corroborates previous reports that have shown a shift toward the Th0/Th2 phenotype of long-term T cell lines derived from treated patients and in ELISPOT assays performed on bulk PBMC specimens (24) (25) (26) .
GA-reactive CD8 + T cells were positive for IFN-γ protein and message (Figures 5-7) . One previous report, using ELISPOT assays performed on one GAtreated patient, suggested that GA-specific IFN-γ production may be prominent in the CD8 + subset (26) . Using short-term cytokine flow cytometry assays (6-8 hours of culture), we have also observed such GA-specific IFN-γ production in CD8 + T cells at the protein level in some patients (unpublished observations). Thus, GA treatment appears to induce an IFN-γ-secreting CD8 + T cell response. Interestingly, the suppressive activity of CD8 + T cells in mitogen-driven in vitro proliferation assays is thought to be mediated by IFN-γ secretion (37) .
We also detected the presence of TGF-β message in GA-specific CD4 + and CD8 + T cells (Figure 7 ). This is a significant finding, as TGF-β has been shown to be an important mediator of bystander suppressive effects of Th2/Th3-type responses in EAE (44) (45) (46) . However, TNF-α was also detected in these cells, which may be pro-or antiinflammatory in different systems. Thus, the overall cytokine profile of GA-induced CD8 + T cells appears to have a component that may mediate regulatory inhibition of disease-mediating responses.
Of note, we did not observe statistically significant changes in the MBP-specific proliferative responses in these patients during the treatment course, although individual patients showed mild variation. This finding is consistent with previous reports (24) . Thus, at least in the PBMC compartment, there does not appear to be an obvious suppression of the MBP-specific response. It is possible that GA-specific T cells exert their regulatory effect locally at the site of tissue damage or through cross-reactive competition in these microenvironments. Further investigation is required to determine the exact mechanisms and the extent to which GA-specific CD4 + and CD8 + T cells may play a role in the modulatory effect of this drug.
To summarize, our observations provide the first direct immunophenotypic evidence, to our knowledge, of the presence of GA-induced CD8 + T cell responses. These responses are deficient in untreated MS patients and are upregulated in patients on GA therapy. The overall cytokine profiles of GA-induced responses are suggestive of, but do not provide conclusive evidence for, a regulatory functional profile. These findings support the notion that GA-induced CD8 + T cells may play an important regulatory role in the immunomodulatory effects of this drug and warrant further characterization. Finally, the upregulation of CD8 + T cell responses may serve as a useful marker in the monitoring of GA therapy.
